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In the LED packaging, the phosphor particles are usually mixed with silicone matrix
material, and then dispensed onto the LED chips directly. Since the density of the
phosphor particle is bigger than that of the silicone, the phosphor particles may
settle in the silicone matrix because of the gravity during dispensing and curing
processes. In this paper, a model was developed to investigate the phosphor
sedimentation phenomenon in silicone during isothermal curing according to the
Stokes’ law, and the size distribution of phosphor particles and the viscosity-time
function of silicone during curing were built for the model. We compared the
modeling results with the experimental results and found that the model can well
simulate the sedimentation phenomenon. The modeling results show that the
sedimentation velocity is inversely proportional to the viscosity of silicone and
proportional to the size of phosphor particle. Phosphor particles sedimentation lasts
for about 5 minutes during isothermal curing at 85°C, and the big particles
accumulate in the bottom of the sample.
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High power light-emitting diode (LED) has grown explosively in recent years for its
extraordinary characteristics, such as high luminous efficiency, low power consump-
tion, high reliability, and long life. Thus, LEDs are considered as the most potential
solid-state light source for the next generation lighting and have been widely used in
our daily lives [1-3].
So far, the most common approach for getting white LEDs is based on mixing blue
lights emitted from LED chip with yellow lights reemitted from phosphor material (as
shown in Figure 1).
In the LED packaging shown in Figure 1, phosphor particles are usually mixed with
silicone matrix material, and then dispensed onto LED chips directly [4]. Since the ar-
rangement of phosphor particles plays an important role in determining the optical
performances of white LEDs, the concentration of phosphor particles should be as uni-
form as possible. However, the density of phosphor particles (about 4800 kg/m3) is
bigger than that of silicone (about 1120 kg/m3). Phosphor particles would settle in sili-
cone matrix because of the gravity during dispensing and curing processes as a2014 Wang et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
icense (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
rovided the original work is properly credited.
Figure 1 Emitting principle of White LED.
Wang et al. Journal of Solid State Lighting 2014, 1:2 Page 2 of 9
http://www.journalofsolidstatelighting.com/content/1/1/2consequence. With the settling of phosphor particles, the luminous efficiency would
decrease and so did the homogeneity of the color. Thus, it is a serious problem in the
LED packaging.
In recent years, few experiments and simulation studies have been performed to in-
vestigate phosphor sedimentation phenomenon. Sommer et al. [5] simulated phosphor
sedimentation using the commercial software package ASAP (Advanced System Ana-
lysis Program). They found that LED optical performances, such as the color
temperature and the flux output, are highly dependent on phosphor distribution. Lee et al.
[6] investigated the influence of phosphor sedimentation on the white LEDs with different
structure chips, and found that phosphor sedimentation cause 20% difference in the lumi-
nous efficiency of white LEDs. Hu et al. [7] established a multi-layer phosphor model by
assuming the concentration gradient of phosphor, which was applied to study the effect of
phosphor sedimentation on the light extraction efficiency. They found that phosphor
sedimentation caused 13.04% drop of light extraction efficiency.
The above researches focused on studying the influence of phosphor sedimentation
on the performance of white LEDs, while the investigations about phosphor sedimenta-
tion during curing process of white LED packaging have not been found yet. In this
study, phosphor sedimentation during curing process was investigated by modeling ac-
cording to the Stokes’ law. In order to validate the accuracy of the model, longitudinal
cross-sectional microstructure photograph of a sample was acquired using the scanning
electron microscope (SEM). The comparison between modeling results and experimen-
tal results proves that the model can well predict this sedimentation process.
Methods
Forces analysis
The Reynolds number for a spherical particle moving through a viscous fluid is as
follows:
Re ¼ 2ρf vr=η; ð1Þ
where ρf is the density of the viscous fluid, v is the velocity of the particle, r is the ra-
dius of the particle, and η is the viscosity of the viscous fluid. Figure 2 shows the micro-
structure photograph of the phosphor particles. Since the radius of the phosphor
Figure 2 Microstructure photograph of phosphor particles.
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phosphor particle sedimentation in silicone is quite small, so the inertia force is much
smaller than the resistance force, which means the inertia force can be ignored.
According to the Stokes’ law, the resistance force for a spherical particle moving
through a viscous fluid can be written as follows, ignoring the inertia force [8]:
FStokes ¼ 6πηrv: ð2Þ
Figure 3 shows the forces acting on the phosphor particle. Taking the gravitationaland the buoyancy forces into account, Fgrav is written as follows:
Fgrav ¼ 4=3ð Þπr3g ρp−ρf
 
; ð3Þ
where g is the acceleration of gravity, and ρp is the density of the particle.
Hence, the kinetic equation for the phosphor particle sedimentation in the silicone is
as follows:




Substituting Eq. (2) and Eq. (3) into Eq. (4), and the velocity of the particles could bedescribed as this:
v tð Þ ¼ A−Ae−Bt=C
 
=B; ð5Þ
where A = (4/3)πr3g(ρp − ρf ), B = 6πηr, and C = (4/3)πr
3ρp. Thus, the size distribution of
the phosphor particles and the viscosity-time function of silicone during curing are the
key to get the velocity of any phosphor particle at any time during the sedimentation
process, according to A, B and C.
Figure 3 Forces acting on the phosphor particle.
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Figure 4 shows the size distribution of phosphor particles provided by the phosphor
manufacturer named Intematix. Fitting the distribution curve of the particles gives the
size distribution function as follows:
f xð Þ ¼
0:124e0:391x−1:040 x < 12:5
−56:741þ 5:802x 12:5≤x < 21:2




where f(x) means the probability that the particle size is smaller than x.
Viscosity-time function of silicone
In order to find the variation of viscosity with time during isothermal curing, CPA2000+
viscometer was used. Keeping the temperature of the heating plate at 85°C, a series
of data was measured with the lapse of time. Figure 5 shows the relationship between the
viscosity of silicone and time during isothermal curing at 85°C. The viscosity increases
exponentially with time [9]. Fitting the curve gives the viscosity-time function as follows:
η tð Þ ¼ 0:131þ e0:024t−3:587: ð7Þ
Substituting Eq. (6) and Eq. (7) into Eq. (5), the velocity of any phosphor particle atany time during the sedimentation is obtained, and the displacement of the particle can
be calculated by integration as a result.
Figure 4 Size distribution of phosphor particles.
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Experiment has been carried out to verify the accuracy of the model. Silicone matrix
mixed with 16.7 wt.% phosphor was used in our experiment. The silicone material is
produced by Dow Corning, and the model number is OE-6550. Figure 6 shows the pro-
cesses of the experiment. In Figure 6(a), phosphor slurry was dispensed into a mold
(5 mm*2 mm*1.2 mm) using a capillary. Then the mold filled with phosphor slurry was
placed on a heating plate and heat-cured at 85°C for more than 1.5 hour (In Figure 6(b)).
After phosphor slurry converted into solid, we removed the sample from the mold and
mounted it using inlay material as Figure 6(c) shows. Finally, Longitudinal cross-sectional
microstructure photograph of the sample was acquired using scanning electron micro-
scope (SEM), as seen in Figure 7. It is confirmed that phosphor sedimentation occurs ob-
viously during isothermal curing at 85°C. Besides, Figure 6(d) shows the longitudinalFigure 5 Relationship between the viscosity of silicone and time during isothermal curing at 85°C.
Figure 6 Processes of the experiment. (a) Dispensing (b) Curing (c) Mounting (d) Longitudinal section
of the sample.
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red lines. This part will be further explained later.Results and disussions
Modeling analysis
The simulation result is shown in Figure 8, whose subgraphs show the distribution of
the phosphor particles at the beginning, after 1 min, 4 min, 5 min, 6 min and 1.5 h re-
spectively. As Figure 8 shows, phosphor particles distribute uniformly in the silicone at
the beginning, and sedimentation phenomenon occurs with the lapse of time. However,
the distribution of the phosphor particles in Figure 8(d) to (f ) are extremely the same,
and subtly different from the distribution in Figure 8(c), which means the sedimenta-
tion of the phosphor particles mostly happens in the first 5 minutes during isothermal
curing at 85°C. Besides, from Figure 8 we can see that at different time during curing,
particles in the bottom share bigger average size than those apart from the bottom,
which is largely because that the sedimentation velocity is proportional to the size of
the particle.
Figure 9 shows the sedimentation of the particle whose diameter is 13 μm. The solid
line represents the velocity of the particle at any time during the sedimentation, and
the dots represent the position of the particle. As we can see, the velocity gradually de-
creases with the lapse of time due to the increasing viscosity of the silicone. What’s
more, the velocity is close to zero after about five minutes. The displacement of the
particle during the sedimentation is 0.188 mm which accounts for 15.67% of the total
thickness.
Figure 7 Longitudinal cross-sectional microstructure photograph of sample.
Figure 8 Simulation result (the distribution of phosphor particles). (a) at the beginning (b) t=1 min
(c) t=4 min (d) t=5 min (e) t=6 min (f) t=1.5 h.
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Figure 9 Sedimentation velocity of the particle (d= 13 μm) at any time during the sedimentation.
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Quartering Figure 7 and Figure 8(f ) as the red lines, we can get Figure 10. Figure 10
shows the comparison between simulation and experiment results. In Figure 10, ab-
scissa (Number) means the number of the section, and ordinate (Area fraction) means
the particles’ area in each section to the total area ratio. Here, we can see that the area
fractions in experiment and simulation results correspond to equal. In other words,
concentration gradients of phosphor in experiment and simulation results are nearly
the same. Thus, the simulation result shows good agreement with the experimental re-
sult. Therefore, the model can well simulate the sedimentation of phosphor particle in
silicone during isothermal curing.Figure 10 Comparison between simulation and experiment results. (a) Longitudinal cross-sectional
microstructure photograph of sample (b) Simulation result (t = 1.5 h). (c) Schematic diagram of
longitudinal cross-section.
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According to the Stokes’ law, a model was developed to investigate phosphor sedimen-
tation in silicone during isothermal curing. Experiment was conducted and the com-
parison between the experiment and simulation results shows that the model can well
simulate the sedimentation of the phosphor particles in silicone during isothermal
curing.
The results indicate that the sedimentation velocity is inversely proportional to the
viscosity of silicone and proportional to the size of phosphor particles. During isother-
mal curing, the resistance force (FStokes = 6πηrv) acting on the phosphor particle in-
creases with the increasing viscosity as time goes by. The velocity of the phosphor
particle (d= 13 μm) is close to zero after about five minutes, and the displacement is
0.188 mm which accounts for 15.67% of the total thickness. Therefore, phosphor sedi-
mentation occurs obviously during isothermal curing at 85°C. The way to suppress the
occurrence of phosphor sedimentation is now under investigation. We suppose to find
a curing condition in which the distribution can be more uniform using our sedimenta-
tion model in further study.
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